Development of an organ is directed by cell and tissue interactions and these also occur during the formation of functional kidney. During vertebrate development inductive signalling between mesenchyme and epithelium controls the organogenesis of all three kinds of kidneys: pronephros, mesonephros and metanephros. In higher animals the metanephros differentiates into the permanent kidney and in this review we will mainly concentrate on its development. Molecular interactions currently known to function during nephrogenesis have primarily been based on the use of knockout techniques. These studies have highlighted the role for transcription factors, signalling molecules, growth factors and their receptors and also for extracellular matrix components in kidney development. Finally in this review we will represent our own model for kidney development according to the knowledge of the genes involved in the development of the functional excretory organ, kidney. q
Introduction
The metanephric kidney has served for around 40 years as a model to study cellular and molecular mechanisms of organogenesis and it was developed as a system to assay embryonic induction in the 1950s by Clifford Grobstein (Grobstein, 1956) . Like most organs in the body, the kidney develops as a result of morphogenetic tissue interactions. These interactions are inductive and occur mainly between epithelial and mesenchymal tissues. Even though the morphogenetic steps of kidney development have been well characterized, we have just recently started to get an idea about some of the molecules involved in this process. New techniques like gene targeting have given us outlines of the genetic program that controls organogenesis and suggest roles for several signalling molecules, growth factors, receptors, transcription factors and extracellular matrix components. In this article, we will review current knowledge of early kidney development and will present a summary and a working hypothesis of some of the molecular interactions associated with induction and control of the basic building block of the kidney, the nephron.
The kidney is a good model to study aspects of organogenesis for most known developmental processes are involved in its morphogenesis. The nephric ®eld is composed of cells committed to form the kidney and its development depends on earlier cell±cell and tissue interactions. How do these interactions lead to the speci®cation of the intermediate mesoderm in the ®rst place? Once formed the intermediate mesoderm will contribute via pro-and mesonephros to the development of the adrenal gland, gonad and metanephros. These are organs that develop in speci®c positions along the anterior-posterior (A-P) axis. It is therefore likely that genes that regulate the formation of the A-P axis in the embryo may be involved. Such processes as cell proliferation, migration, adhesion, transformation and apoptosis also play roles in organogenesis of the kidney. Development of the kidney also involves vascularization and neurogenesis.
Three types of kidneys that have evolved during vertebrate evolution serve as developmental models
The kidney derives from the intermediate mesoderm that forms a nephric ridge (Fig. 1) . It is likely that the speci®ca-tion of the mesoderm involves genes participating in the control of the dorso-ventral and anterior-posterior determination as may also be the case for determination of the Malpighian tubules in Drosophila melanogaster (Hoch et al., 1994) . Recent evidence suggests that at least the surface ectoderm is required for nephric duct formation and development of the urogenital system in the chick embryo . The pronephric duct contri-butes to the formation of the ®rst kidney, the pronephros. The duct arises ventrally to anterior somites, elongates caudally and forms the Wolf®an duct that later gives rise to the ureteric bud. The Wolf®an duct may act as a signalling centre and contributes to the determination of both meso-and metanephric mesenchyme.
In mammals and birds, the kidney develops in three stages: pronephros, mesonephros and metanephros, but only the metanephros differentiates into the permanent kidney in these species. Hence, the more simple forms of kidney are reminiscent of evolution, being transient structures during higher vertebrate embryogenesis. The function of the pronephros as an excretory organ is restricted to the larval stages in amphibians and ®sh, and the mesonephros is the functional kidney in adults (for a review see Saxe Ân, 1987) . It is noteworthy that similar cellular interactions, signalling molecules and pathways seem to be involved in the development of all the kidney types. For example, Pax-2 and WT-1 are involved in the development of all these kidney types (Carroll and Vize, 1996; Heller and Brandli, 1997) which may suggest some degree of conservation in the genetic program of kidney organogenesis.
Pronephros
The pronephros was actively studied until the 1950s and is again getting more attention due to the establishment of zebra®sh and Xenopus laevis as useful vertebrate models. In both of these animals the pronephros is a transient but functional organ. One of the advantages of the zebra®sh is its transparency and therefore cell lineage studies and genetic screens can be done relative easily (Eisen, 1996; Drummond et al., 1998) . The animal cap assay used to study the induction of mesoderm in frogs (Kessler and Melton, 1994 ) may also be useful for studies of kidney development; as in zebra®sh, functions of genes can be tested by microinjection of cDNAs. Hence, the use of these assay systems should lead to the identi®cation of new components involved in the speci®cation of kidney.
The current view is that the pronephric duct and pronephric tubules initially form from the intermediate mesoderm as separate structures. The tubules appear ®rst in the anterior part of the nephric ridge by epithelial transformation of nephrogenic mesenchyme and it is unlikely that these are induced by the pronephric duct. It has been suggested that tubules are speci®ed and induced before the appearance of the pronephric duct (Brennan et al., 1998) and thus it is likely that pronephrogenic mesenchyme is induced by the surrounding tissues (Vize et al., 1997) .
The pronephros forms early in development, 22 days post coitum (d.p.c.) in humans and 8 d.p.c. in the mouse. The structure and number of nephrons varies between species. For example, amphibians usually have two to three nonintegrated nephrons. The vascularized glomus ®lters waste material into the coelomic cavity. These¯uids are collected into the pronephric tubules and remnants are disposed via the pronephric duct. In higher vertebrates the structure of the pronephric tubules differs from those having a functional pronephros since they have no glomeruli. In mammals most of the pronephric duct degenerates but the caudal portion becomes part of the excretory system and is referred to the Wolf®an duct. For a review about pronephros development, see Vize et al. (1997) .
Aorta±gonad±mesonephros ± the AGM region
The mammalian mesonephros develops from a mesodermal region called the AGM zone (aorta±gonad±mesone-phros). The factors involved in specifying the AGM region and its further subdivision into distinct regions are not known. The AGM region apparently contributes to the development of the aorta and gonads, but it is also the source of hematopoietic stem cells (Medvinsky and Dzierzak, 1996) . Cells derived from this region are thought to migrate to, for example, the liver and contribute to de®nitive hematopoiesis (Dzierzak, 1999; Sainio and RaatikainenAhokas, 1999) . However, whether these cells are in fact born in the AGM region or migrate into this site is currently not clear.
Much of the knowledge of how the mesonephros develops and functions is based on studies in amphibians and birds. In the amphibian, the presumptive mesonephric tissue is committed as early as the late neurula stage but is still¯exible to signals from the surrounding cells. At the tail-bud stage the Fig. 1 . Intermediate mesoderm and Wolf®an duct as revealed with Pax-2 enhancer. A transgenic mouse line carrying a lacZ reporter gene under Pax-2 regulatory element serves as a tool to identify some nephric components (Kispert et al., 1996) . Intermediate mesoderm (arrowhead) and the presumptive midbrain area at 8.5 d.p.c. are marked by lacZ staining (A). (B) Dissected urogenital system at 11.5 d.p.c. Wolf®an duct, mesonephric tubules and ureter bud branched for one time (T-shaped) are stained. mesonephros becomes determinated and competence for other developmental options is lost. Organogenesis of the mesonephros is initiated when the pronephric duct reaches the presumptive mesonephric mesenchyme and induces adjacent mesenchymal cells to condense. Thereafter the condensate will contribute to the formation of the mesonephric tubules that develop into nephrons (Saxe Ân, 1987) . In principle, both morphologically and genetically, nephrogenesis is very similar in the meso-and metanephros. However, it should be noted that in the mesonephros the tubules are formed along the Wolf®an duct whereas in the metanephric kidney they are organized around the ureter tree and are apparently regulated by differential epithelial morphogenesis.
Mammalian mesonephric nephrons consist of glomerulilike structures and proximal and distal ducts. The size, distribution, functional maturity and developmental fate of these nephrons differ greatly between species. For example, in pigs and humans mesonephric nephrons are functional excretory organs during embryogenesis whereas the murine mesonephros is more primitive and a non-secretory organ (Smith and McKay, 1991) . Eventually mesonephric tubules start to regress and this leads to the complete disappearance of the organ in the female. In male embryos, some caudal tubules and duct remain and develop further as part of the male genitals. The factors that regulate these events in the mesonephros may be involved in setting the primary sex as well. Indeed, recent evidence suggests that Wnt-4, which is expressed in the mesonephros and in the developing ovary, is necessary to maintain female development (Vainio et al., 1999a) . Whether the mesonephric signals also operate to induce the male sex determination gene, SRY, and the male pathway is not known (Koopman et al., 1991; Swain et al., 1998) .
Metanephros
The metanephros that is the permanent and functional kidney in higher vertebrates starts to develop at 10.5±11 d.p.c. in the mouse when the metanephric blastema appears (Saxe Ân, 1987) . Kidney organogenesis depends on a series of reciprocal inductive interactions between the epithelial ureteric bud and metanephric mesenchyme. Some of the signals mediating these interactions are known but the molecular coordination of morphogenesis is still rather poorly understood. Different morphological steps of metanephric kidney development are schematically shown in Fig. 2 . For visual demonstration, see http://cpmcnet.columbia.edu/ dept/genetics/kidney/index.html.
Much of our knowledge of the cellular basis of tissue interactions involved in kidney development comes from the studies of Grobstein and Saxe Ân (Grobstein, 1956; Saxe Ân, 1987) . In organ culture system metanephric mesenchyme is separated from the ureter and cultured with heterologous inducer tissues such as spinal cord on the other side of a ®lter. A 24 h inductive pulse is suf®cient to activate the tubulogenetic program (Saxe Ân and Lehtonen, 1987) . Direct cell±cell contacts which are likely to be needed for tubule formation are provided through the pores of the ®lter (Lehtonen, 1976) . It is noteworthy, however, that in the trans®lter assay the spinal cord induces only a fraction of the number of the tubules seen in vivo. The identity of the molecules that transmit the tubule induction has remained unknown but a key role for signals from the Wnt gene family was revealed recently (Kispert et al., 1998) (for a review see Vainio et al., 1999b) .
It is thought that signals from the metanephric mesenchyme initiate kidney development by inducing formation of the ureteric bud from the Wolf®an duct. Subsequently, the growing ureteric bud also starts to branch as a response to the mesenchymal signals and in return transmits signals that induce mesenchymal cells to condense and generate pretubular aggregates around branches of the ureter tree. Aggregates undergo morphogenesis via comma-and S-shaped structures and the epithelialized body will ®nally fuse to the forming collecting duct (Fig. 2) . Forming nephrons also attract endothelial cells to make a functional glomerule (Saxe Ân, 1987) . Even though vascularization and innervation are essential for kidney function, we still understand poorly how these processes are regulated at the molecular level. Organ culture studies on chorioallantoinic membrane revealed a role for angiogenesis in the kidney (Sariola, 1983) but vasculogenesis may be involved as well (Woolf and Loughna, 1997) . It is becoming clear that in addition to reciprocal signalling between ureter epithelium and metanephric mesenchyme, the stromal cells also have a morphogenetic role (Mendelsohn et al., 1999) .
Functional genomics reveal some molecular mediators of kidney morphogenesis
Much of our current knowledge about the molecular mechanisms of metanephric kidney development has been achieved by generating mouse mutations by gene targeting. However, as tubule induction and nephrogenesis is repeated about 10 6 times during formation of the functional kidney, the use of a conventional knockout approach is limited. Another complication is that the same genes are also in fact used during organogenesis of both pro-and mesonephros. Therefore, it may be considered that some of the phenotypes reported in the metanephros might be partially secondary effects as the inactivated gene may already be necessary in organogenesis of the pro-and mesonephric kidneys. In the following we will discuss some of the control genes involved in kidney organogenesis.
Hox genes may specify A-P identity in the nephric ®eld
Several mammalian homeobox (Hox) genes are expressed early in the nephrogenic area. For example Hoxb-7 is detected in the urogenital system, ®rst in the mesonephros and later in Wolf®an duct, ureter and collecting ducts. The promoter of the Hoxb-7 gene is also suf®cient to drive reporter gene expression to the urogenital system (Kress et al., 1990; Vogels et al., 1993; Srinivas et al., 1999) . In addition to Hoxb-7, also Hoxa-11 and Hoxd-11 are expressed in the nephrogenic area. Deletion of only either Hoxa-11 or Hoxd-11 does not affect kidney development but interestingly compound Hoxa-11/Hoxd-11 mutants have renal defects. In such double mutant mice there are either no kidneys at all or in some cases only one hypoplastic kidney is formed (Davis et al., 1995) . These studies suggest a role for Hox genes during early kidney organogenesis in speci®cation of the urogenital ridge but this remains to be shown.
Pax-2 and Lim-1 function prior to initiation of kidney morphogenesis
Lim-1, a homeobox protein and Pax-2, a paired box protein, are transcription factors that are already present in the intermediate mesoderm ( Fig. 1 ). This early expression suggests that these genes may be involved in the early patterning of the developing kidney and may contribute to speci®cation of the intermediate mesoderm from the rest of the mesoderm. In the developing kidney Lim-1 is expressed in the ureteric bud, in induced mesenchymal aggregates, in comma-and S-shaped bodies and in developing tubules (Barnes et al., 1994; Fujii et al., 1994; Karavanov et al., 1998) . Knocking out Lim-1 function causes death of embryos at 10 d.p.c. due to abnormalities in gastrulation. However, a few knockout animals developed further, were born headless and did not have kidneys or gonads, even though other internal organs and tissues appeared normal (Shawlot and Behringer, 1995) . This suggests that indeed, Lim-1 is essential at least for early kidney morphogenesis. The molecular mechanisms by which Lim-1 regulates kidney development are not known but it is likely to regulate expression of other genes in the nephrogenic cell lineage.
Pax genes are involved in the development of several organs, e.g. kidney, ear, eye (for a review see Dahl et al., 1997) . Pax-2 is expressed throughout organogenesis of the pro-and mesonephros. In the metanephros, Pax-2 is expressed in the ureteric bud and in the induced mesenchyme adjacent to the bud. The gene is expressed in commaand S-shaped bodies but is downregulated during their maturation (Dressler et al., 1990; Dressler and Douglass, 1992) . Another Pax gene expressed in the kidney is Pax-8 detected in pretubular aggregates and in developing tubules. However, Pax-8 knockout mice do not have a kidney phenotype but they die at about 3 weeks of age due to thyroid defects (Mansouri et al., 1998) .
Knockout of Pax-2 function pointed out its importance in the control of differentiation of the intermediate mesoderm prior to development of the metanephric kidney (Torres et al., 1995) . Pax-2 mutants lack kidneys, ureters and genital tracts. Interestingly, the gonads form but they lack those parts that are derived from the intermediate mesoderm.
There are also neither mesonephric tubules nor ureter buds in the mutant embryos. However, metanephric mesenchyme is morphologically detectable. Taken together, Pax-2 may contribute together with Lim-1 and Hox genes to specify the nephric cell lineage prior to kidney development.
Pax-2 is apparently important also later during tubulogenesis of the kidney. Pax-2 gene expression is normally downregulated during glomerulogenesis in S-shaped bodies but prolonging its expression in transgenic mice produced a phenotype resembling that of the congenital nephrotic syndrome (Dressler et al., 1993) . Interestingly, mutations even in one allele of the Pax-2 gene lead to kidney hypoplasia in the mouse and human and provide another piece of genetic evidence for Pax-2 being an important functional component throughout nephrogenesis (Sanyasin et al., 1995; Favor et al., 1996) . Pax-2 may interact with downstream genes such as WT-I as will be discussed next.
WT-1 regulates amphiregulin, possibly Pax-2 and proteoglycans to control initiative stages of kidney development
The Wilm's tumour suppressor gene (WT-1) is also essential for urogenital system development. Mutations in the WT-1 gene are associated with several renal and gonadal malformations and are the most common reason for children's kidney tumours. WT-1 gene expression is ®rst detected in the intermediate mesoderm and in the developing kidney it is seen in the mesenchyme before initiation of ureter bud formation. However, soon after induction of the ureter, WT-1 expression becomes upregulated and as kidney development proceeds, it is restricted to comma-and Sshaped bodies (Pritchard-Jones et al., 1990; Pelletier et al., 1991; Armstrong et al., 1992) . In the WT-I knockout embryos kidneys fail to develop most likely because the ureter never reaches the adjacent mesenchymal blastema and consequently mesenchymal cells undergo apoptosis (Kriedberg et al., 1993) . These results may be interpreted so that WT-1 controls expression of signals that regulate induction and growth of the ureter bud. Recent studies revealed that expression of an EGF family member amphiregulin is directly activated by WT-I which points to regulatory interactions between these proteins in vivo. The suggestion is supported by the ®nding that WT-I and amphiregulin expression are correlated during kidney morphogenesis and that amphiregulin signi®cantly stimulates ureter branching in the organ culture (Lee et al., 1999) . Hence, these results demonstrate that amphiregulin is at least one direct target for WT-I control but it is currently not known how well their expression correlates at the early stages of kidney development and if an amphiregulin knockout would lead to a kidney phenotype.
In addition to amphiregulin, Syndecan-1 and Pax-2 may be controlled by WT-I. First, Syndecan-1 is expressed in the embryonic kidney and WT-I stimulates Syndecan-1 transcription in vitro (Cook et al., 1996; Kato et al., 1998) . Pax-2 expression on the other hand is initially present in the kidney of WT-I mutant embryo but expression is reduced (Ryan et al., 1995; Donovan et al., 1999) . WT-I may control, at least in part, Pax-2 gene expression in vivo.
Recent evidence indicates that WT-1 has also a function later during kidney organogenesis. This suggestion is based on the fact that a YAC construct partially rescued urogenital abnormalities of WT-1 knockout embryos (Moore et al., 1999) . Taken together, these ®ndings provide direct evidence that WT-I is also necessary after initiation of the kidney organogenesis.
3.4. Eya-1 may regulate GDNF signalling and mediate reciprocal signalling at least during early stages of organogenesis
The Eya-1 gene is a homologue of the Drosophila gene eyes absent (eya). Knockout studies reveal that Eya-1 is important for ear and kidney development. In such mutants, the ureter fails to invade the kidney mesenchyme, as was the case with the Pax-2 mutants. Eya-1 heterozygous embryos have renal hypoplasia or unilateral agenesis. Of the early markers for kidney mesenchyme, GDNF and Six genes were absent but Pax-2 expression remains, suggesting that GDNF and Six genes act downstream of Eya-1 (Xu et al., 1999) . However, the Eya-1 knockout phenotype is not as severe as that of Pax-2, but this difference may be due to the early requirement of Pax-2 function in the developing mesonephros, as discussed previously. As a conclusion, Eya-1 may operate upstream of GDNF and contribute to nephrogenesis via a potentially conserved genetic pathway that involves Pax-Eya-Six genes.
Glial cell line-derived neurotrophic factor (GDNF) is expressed in kidney mesenchyme prior to invasion of the ureter bud and knockout of GDNF function perturbs ureter invasion and kidney development, respectively (Pichel et al., 1996) . Moreover, local application of a GDNF releasing bead induces ectopic ureter buds (Pepicelli et al., 1997; Sainio et al., 1997) . These experiments suggest that GDNF is an important early mesenchymal signal needed for induction and subsequent growth of the ureter bud.
In many organs, such as the developing kidney, the expression of c-ret encoding a receptor tyrosine kinase is detected in tissues adjacent to GDNF expression and in vitro studies have shown that c-ret binds GDNF (Durbec et al., 1996) . Transcripts of c-ret are found throughout the nephric duct and later in the ureteric bud epithelium (Pachnis et al., 1993) . The signi®cance of c-ret during kidney development has been established in c-ret de®cient mice (Shuchardt et al., 1994 (Shuchardt et al., , 1996 . Mutant animals suffer similar, although slightly milder, kidney abnormalities to GDNF mutant embryos (for a review see Robertson and Mason, 1997) . This may partially be explained by the involvement of coreceptor(s) in GDNF signalling and indeed, recent data demonstrate that GDNF signals via a complex of c-ret and a novel type of glycosylphosphatidylinositol-linked (GPI) receptor, GDNFas (Jing et al., 1996) .
GDNF signalling appears to be transmitted to ureteric epithelial cells by c-ret in vivo as well. This conclusion is based on experiments with a Hoxb7 enhancer driving c-ret gene expression throughout the ureter bud leading to growth retardation and a decrease in the number of ureter branches. Hence, unexpectedly, the phenotype resembles that seen in c-ret mutant kidneys. These somewhat paradoxical results may be explained by the gain of function of c-ret in the collecting duct region soaking up GDNF and leading to reduced activity of c-ret at the tip of the ureter where c-ret is normally expressed. In contrast, ectopic expression of constitutively active c-ret causes extra ureter growth (Srinivas et al., 1999) . Thus, these data suggest that GDNF signalling via the c-ret complex contributes to the growth and proliferation of the ureter bud. The function of GDNF signalling at the molecular level may be to regulate expression of other genes involved in kidney development, such as proteoglycans (PGs) in the ureter bud. As support for this idea, PG expression is induced in the ureter as a response to c-ret activation (Liu et al., 1995) . c-ret could also contribute to the control of adhesion as it has domains similar to cadherins. By binding via a homophilic interaction to cadherins present in the kidney mesenchyme GDNF could contribute to the regulation of adhesion between mesenchymal and epithelial cells .
3.5. Emx-2 may regulate expression of genes encoding ureter-derived inductive signal Emx-2 is a homeobox transcription factor that is expressed in the growing ureter bud. Metanephros development in Emx-2 knockout mice is arrested soon after the ureter bud has formed and no tubule differentiation takes place (Miyamoto et al., 1997) . However, the expression of WT-1, GDNF and c-ret genes is not lost which suggests that Emx-2 may act downstream of these genes and regulate signals that initiate tubulogenesis in the mesenchyme. Consistent with this notion, in Emx-2 mutant kidneys no tubules are formed and the tubule inductive signal Wnt-4 is not expressed. Taken together, since initial induction of ureteric growth occurs normally, Emx-2 may regulate expression of a ureter-derived inductive signal for mesenchymal differentiation.
Proteoglycans could modulate tubule inductive signals
Proteoglycans are macromolecules that are linked to the early stages of kidney development. Inhibition of the sulphation of glycosaminoglycan (GAG) side chains in kidney cultures prevents growth and branching of the ureteric bud (Davies et al., 1995) . Furthermore, PGs have also been shown to modulate Wnt expression and signalling, and interference of PG synthesis leads to the loss of Wnt-11 expression from ureteric tips (Kispert et al., 1996) . Cell surface heparan sulphate (HS) PGs such as syndecan and glypican are expressed during kidney development and may play a role in the inductive events. Syndecan-1 is expressed both in the ureter and the induced mesenchyme (Vainio et al., 1989) . Glypican-5 is detected in the mesonephros and metanephros in mesenchymal aggregates and in the epithelia forming epithelial structures (Saunders et al., 1997) . A recent knockout also suggests a function for Glypican-3 in nephrogenesis (Cano-Gauci et al., 1999) .
Direct evidence for the central role of PGs in kidney development and especially in ureter growth was provided recently from the analysis of gene trap mutations in the HS2-sulfotransferase (HS2ST) gene (Bullock et al., 1998) . Mice homozygous for the trapped allele were stillborn or died shortly after birth most likely because of disruption of kidney development. As a conclusion, PGs properly synthesized by the HS2ST enzyme are not essential for ingrowth of the ureter bud into the metanephric mesenchyme but are necessary for subsequent ureter branching and nephrogenesis.
Cell surface PGs bind secreted signalling molecules such as heparin binding growth factors, regulating their activation and availability. This may also be the case for Wnts and FGF-2, which induce early steps in tubulogenesis (Perantoni et al., 1995; Karavanova et al., 1996; Reichsman et al., 1996) . The observations that Syndecan-1 binds FGFs (Elenius et al., 1992; Salmivirta et al., 1992) , and that dally (division abnormally delayed, a glypican homologue) modi®es Wg signalling in¯ies support this hypothesis (Lin and Perrimon, 1999; Tsuda et al., 1999) .
Dominant negative FGF receptor blocks kidney organogenesis which suggest a role for FGF signalling in early kidney development
The in vitro studies suggested a role for ®broblast growth factors (FGFs) in kidney development (Karavanova et al., 1996) which is supported also by in vivo experiments. Ectopic expression of a dominant negative form of FGF receptor in transgenic mice causes agenesis or dysgenesis of the kidney. Hence, in these transgenics the kidney either completely fails to develop or only one small kidney is observed. In the most severely defective transgenic embryos the metanephric blastema is present but Pax-2 is not expressed. Furthermore, no evidence for tubulogenesis is seen (Celli et al., 1998) . Based on these results the phenotype relates to that of WT-1 and GDNF/c-ret mutants. Hence, these studies provide direct evidence that the FGF pathway plays a role in kidney organogenesis but the details of ligands and receptor isoforms present in the mouse remain to be studied.
Cell adhesion is important for initiation of kidney development: evidence from the integrin a 8 subunit knockout
Integrins are heterodimeric transmembrane glycoproteins that bind several components of the ECM (for reviews see Hynes, 1992; Gumbiner, 1996) and are expressed during kidney development (Korhonen et al., 1990) . The integrin a8 subunit is expressed in mesenchymal cells in many embryonic organs such as gut, lung, gonads and the nephrogenic cord. In the developing kidney, the a8 subunit is detected in the mesenchymal cells surrounding the Wolf®an duct and expression is upregulated when the ureter bud starts to grow and branch. Expression is also detected in mesenchymal aggregates but not in comma-and S-shaped bodies that have started to undergo epithelialization (Mu Èller et al., 1997) .
Mice lacking the integrin a8 subunit have severe kidney abnormalities leading to death 1 or 2 days after birth. Most homozygous mice are born without ureters or kidneys. In some mutant mice the ureter bud has grown into the mesenchyme but it has not branched and no nephrons are formed. The ligand of a8b1 integrin that is likely to mediate adhesive interactions between ureter epithelium and mesenchymal cells is unknown at present, but it appears to be present in the ureter tips. As a summary, the phenotype of integrin a8 subunit knockout mice is similar to that of cret and Eya-1 mutants but whether this indicates molecular regulatory interaction remains to be elucidated. In addition, as growth factors regulate expression of integrins, and integrins are integrated constituents of signal transduction pathways (Sastry and Horwitz, 1996) , the a8 subunit could also mediate inductive epithelial±mesenchymal interactions during early kidney development.
Bmp-7 may be a maintenance signal for cells in the metanephric mesenchyme
Several genes encoding for members of bone morphogenetic proteins (BMPs) including Bmp-4, -5 and -7 are expressed during embryonic renal development (for a review see Hogan, 1996) . Targeted gene disruption studies have revealed that at least Bmp-7 is important for nephrogenesis. Bmp-7 is expressed in the Wolf®an duct, in kidney mesenchyme, in pretubular aggregates during their epithelialization and in podocytes in adults. In Bmp-7 de®cient mice kidney development initiates but fewer or even no nephrons are formed (Dudley et al., 1995; Luo et al., 1995) (for a review see Godin et al., 1999) . Furthermore, mutant mesenchyme progressively undergoes apoptosis and expression of WT-1, Pax-2 and Wnt-4 genes is reduced (Luo et al., 1995) . Hence, tubule development is initiated and proceeds for a while in the mutant which suggests that Bmp-7 is not essential for induction of tubules.
A recent study demonstrated that Bmp-7 gene expression in the kidney mesenchyme depends on tubule induction and PGs as is also the case for Wnts (Kispert et al., 1996; Godin et al., 1998) . Based on the similarities in the phenotype and requirements for activity it may be that Bmp-7 cooperates with other signalling molecules, such as Wnts and FGFs, to control kidney development. As support for this suggestion, in Drosophila melanogaster Lef/TCF coordinates inputs of decapentaplegic (dpp, a Bmp like morphogen) and wingless/wnt. Dpp is also a target for wingless signalling Riese et al., 1997) . In fact recent studies showed that Bmp-7 prevents apoptosis of kidney mesenchyme and maintains competence for tubule induction with FGF-2 . It can be concluded that, as was the case with the Wnts, BMP signalling may be regulated by PGs and expression of both of these components appears to be controlled by yet to be identi®ed ureter-derived inductive signals.
Wnt-4 functions in tubule inductive signalling
Wnts form a family of secreted proteins that are important developmental regulators (Wodarz and Nusse, 1998; Uusitalo et al., 2000) . Several Wnts are expressed during kidney development in distinct patterns, e.g. Wnt-11 in ureter tips, Wnt-7b in collecting ducts and Wnt-4 in induced mesenchyme (Kispert et al., 1996) . Wnt-4 expression associates with condensed mesenchyme around the ureter tip and is detected also in pretubular aggregates (Stark et al., 1994; Kispert et al., 1996) (for a review see Vainio et al., 1999b) .
In Wnt-4 mutant embryos the ureter forms and invades the mesenchyme but no epithelial tubules develop. Hence, no functional nephrons will form (Stark et al., 1994) . However, tubule formation can be rescued in vitro in organ cultures where metanephric mesenchyme from the knockout embryos and wild type or mutant spinal cord are recombined. These experiments indicate a role for Wnt-4 in induction of tubule development. This suggestion is supported by experiments with NIH3T3 cells that were infected with a retrovirus to produce Wnt-4 protein. These cells induced tubules when cocultured with kidney mesenchymes. Closer studies showed that Wnt-4 mediated induction requires cell±cell contacts between the inducer and responding tissue and the presence of PGs (Kispert et al., 1998) . Taken together, these results provide evidence that Wnt-4 is a critical signal for tubule development.
Earlier it had been thought that spinal cord provides the same or similar inductive molecules as the ureter to induce tubule formation in the mesenchyme in vitro. The Wnt-4 studies raise the possibility that spinal cord may act as an inducer tissue as it expresses Wnt-4, which may trigger tubulogenesis due to the autoregulative property of Wnt-4 in mesenchymal cells. In this model the spinal cord would mimic the mesenchymal Wnt-4 signal rather than the ureterderived signal that still remains unknown (Kispert et al., 1998) . What becomes clear from these studies is that Wnt-4 is a downstream signal from the initial ureter inducer that apparently leads to activation of Wnt-4 expression. As a summary, Wnt-4 signalling is both necessary for tubule development and suf®cient to induce tubules in an experimental system. A ®nal proof for its inductive role would be the induction of tubules with recombinant Wnt protein but this may be problematic due to the lack of soluble biologically active recombinant Wnt proteins.
Renal stroma is an important signalling centre for nephrogenesis
After the induction of the mesenchyme by the ureter at least two different cell populations are found in the mesenchyme: the tubular cell population very close to the ureter, the nephrogenic zone, and the more peripheral stromal cell population. BF-2 is a useful marker for stromal cells since it is ®rst expressed in the loose part of mesenchymal cells peripheral to the more dense, induced metanephric mesenchymal cells. Later in development (14.5 d.p.c.) the expression is mainly seen in the stromal cells in the kidney medulla but some transcripts are also seen in the cortical region, which does not express, for example, Pax-2. Interestingly, the knockout of BF-2 shows a defect in the ductal system and in nephrons where BF-2 is not expressed. These results have been interpreted so that BF-2 may regulate a stromal signal whose target may be, at least in part, in the nephrogenic cells that form the tubules (Hatini et al., 1996) . However, the BF-2 knockout indicates an important role for the stromal cells in kidney morphogenesis. One challenge is to identify the mechanisms by which BF-2 functions in these cells to contribute to nephrogenesis.
Recent study revealed the roles of two additional stromal components, RARa and RARb2, in kidney development. Like BF-2 these genes are expressed only in stromal cells and are apparently part of the ureter branching control system driven by stroma (Mendelsohn et al., 1999) . In a compound mutant of RARa and RARb 2, the expression of c-ret and Wnt-11 in the kidney is reduced, indicating that these RAR genes are needed somehow to maintain c-ret expression in the ureter bud. The lack of c-ret could contribute to reduced ureter branching in the mutant.
A recent study has raised the possibility that FGF-7 could be a branching controlling signal expressed by renal stromal cells, as it is expressed in stromal cells around the growing ureter bud and forming collecting ducts from 14.5 d.p.c. onwards. Kidneys of FGF-7 knockout embryos are smaller, there are 30% fewer nephrons and branching of the ureter bud is reduced (Guo et al., 1996; Qiao et al., 1999) . However, the small kidney is functional. In vitro administration of FGF-7 recombinant protein to organ culture leads to production of more nephrons and supports survival and growth of a separated ureteric bud as well. However, this nephron controlling property of FGF-7 is likely to be indirect as an FGF-7 receptor is present in the ureter bud and not in the kidney mesenchyme. We conclude that FGF-7 is a candidate stromal signal even though it appears to become functional later than BF-2 and RARa/RARb2.
Components of extracellular matrix play a role in polarization of the epithelial tubule during organogenesis
The extracellular matrix (ECM) is important for development and differentiation (see Adams and Watt, 1993) . The glycoproteins (PGs), collagens and specialized structures such as the basement membrane (BM) offer adhesive support for differentiating and migrating cells and can also form physical barriers limiting cell±cell interactions. During kidney development remodelling of the ECM is likely to be required for ureter branching and growth. Matrix metalloproteinases (MMPs) are enzymes that degrade ECM and of those MMP-2 and MMP-9 are expressed in the developing kidney from 11 d.p.c. onwards (Reponen et al., 1992; Lelongt et al., 1997) . The importance of proper matrix degradation is shown by in vitro studies, as blocking of the activity of MMP-9 either by antibodies or by tissue inhibitor of metalloproteinases-1 (TIMP1) impairs ureter branching (Lelongt et al., 1997) . In addition, the composition of the ECM and chains of multimeric glycoproteins are modi®ed during nephrogenesis (Miner and Sanes, 1994; Miner et al., 1997) .
The integrin a6 subunit and its ligand laminin a1 chain colocalize to the polarized epithelial cells and the conversion of mesenchyme to epithelium is blocked by antibodies against both the a6 subunit and laminin-1 (Ekblom, 1993). These in vitro studies suggest a direct role for integrins in the polarization of the kidney epithelium. However, knockout of the a6 subunit does not affect kidney development and this suggests that integrins may be compensated by other family members (Georges-Labouesse et al., 1996) . Taken together, remodelling and regulated changes in cell adhesion are critical for the morphogenesis of the kidney not only at initiation but also later, during polarization of the induced nephrogenesis.
3.13. PDGF and also integrin a 3 are necessary for glomerulogenesis PDGF is a mitogen consisting of two polypeptides, A and B, that form dimers. PDGF binds to its a and b receptors, which are protein tyrosine kinases. Both forms of PDGFs and the receptors are expressed in the kidney glomerulus. Inactivation of either the PDGFb gene or its receptor both lead to similar phenotypes. The mutants have abnormalities in the blood and kidneys, and they die at birth (Leveen et al., 1994; Soriano, 1994) . Characterization of mutant kidneys shows that the development of glomeruli is defective and mesangial cells do not differentiate. Furthermore, there are fewer capillaries or they are totally missing which leads to a reduced glomerular ®ltration. Earlier stages in glomerular development appear unchanged. The number of detected glomeruli is normal in the knockout animals and also other glomerular structures, the basement membrane, endothelial cells and podocytes, appear normal.
A targeted mutation in the integrin a3 subunit gene causes such severe abnormalities in kidney and lung development that homozygous mutants die during the neonatal period. The defects in the kidney appear at later stages of nephrogenesis. Branching of epithelial structures, both the medullary collecting ducts in the kidney and branching of bronchi in the lung, is decreased. The number of nephrons is unchanged but proximal tubules and glomerular development are affected, especially the capillary loop branching. Moreover, the glomerular basement membrane is disorganized and podocytes do not form foot processes in the absence of the integrin a3 subunit (Kreidberg et al., 1996) . As a summary, integrins are essential not only at the early stages of kidney development but also in later developmental stages. They are involved in the initiation, epithelial polarization and glomerulogenesis. Hence, these knockouts are useful to study the function of the mesangial cells.
Classical mutant models in kidney development
There are so-called classical mutations in mice, some of which, like Danforth's short tail (sd) and limb deformity (ld), cause abnormal kidney development during embryogenesis (Lyon et al., 1989) . The Danforth's short tail mutation is lethal to animals and causes lack of the¯oor plate in the spinal cord and abnormalities in urogenital system development. Mice homotsygotes for the Sd mutation do not have kidneys due to the failure of the ureter to induce metanephric mesenchyme. The gene product defective in the Sd mutation is not yet cloned, in contrast to the limb deformity mutation where ld encodes a member of the family of formins. Ld transcripts are detected both in the ureter bud and mesenchyme of the developing kidney and analysis of the homozygous animals reveals delayed growth or complete lack of the ureteric bud (Maas et al., 1994) . Recently, the Leder laboratory knocked out speci®cally the isoform IV of formin. Interestingly, this leads to a kidney but not limb phenotype and reveals a speci®c function for this particular formin isoform in kidney development (Wynshaw-Boris et al., 1997) . The classic mouse mutants are useful tools to study metanephros development in vivo.
In human a well-known hereditary kidney disease, autosomal dominant polycystic disease (ADPKD), causes slowly progressive epithelial cyst formation. PKD1 and PKD2, which code polycystin 1 and 2, are mutated in most of these patients and a mouse model with no functional PKD1 gene shows enlarged cystic kidneys similar to those of human patients. PKD1 is required for normal elongation and maturation of the tubular structures (Lu et al., 1997) . Recently it was indicated that PKD1 modulates the Wnt signalling cascade by stabilizing endogenous b-catenin and stimulating TCF-dependent gene transcription in vitro (Kim et al., 1999) . Another hereditary kidney disease, in which the defective gene, NPHS1, has been recently cloned, is congenital nephrotic syndrome (CNS) of the Finnish type (Kestila È et al., 1998) . NPHS1 encodes nephrin, a protein that is located at the slit diaphragm of renal glomeruli and has a crucial role in the development of functional kidney (Ruotsalainen et al., 1999) . As a conclusion, genes involved in kidney morphogenesis are likely to have a clinical signi®-cance. Accordingly, genes identi®ed from inherited new- Table 1 Summary of knockouts resulting in defects during kidney development
Knockout
Defect Reference
Pax-2 Several abnormalities throughout urogenital development Torres et al., 1995 Lim-1 Several abnormalities during urogenital development Shawlot and Behringer, 1995 N-myc Defects in mesonephros formation Stanton et al., 1992 WT-1 Failure in ureter formation and failure of the mesenchyme to respond to ureter-derived signals Kriedberg et al., 1993 Eya-1 Defects in ureter ingrowth Xu et al., 1999 Formin (IV) Sd related phenotype Wynshaw-Boris et al., 1997 GDNF Defects in ureter formation, ingrowth and branching For review see Robertson and Mason, 1997 GDNFa1 Similar to GDNF and c-ret phenotypes Enomoto et al., 1998 c-ret Defects in ureter formation, ingrowth and branching For review see Robertson and Mason, 1997 HS2ST Abnormal ureter branching Bullock et al., 1998 Integrin a8 Defects in ingrowth and branching of ureter Mu Èller et al., 1997 Bmp-7 Defects in epithelialization of mesenchymal cell For review see Hogan, 1996 Emx-2 Defects in differentiation of ureter and mesenchyme after initial induction Miyamoto et al., 1997 Wnt-4 Defects in epithelialization of mesenchyme Stark et al., 1994 PDGF Defect in formation of capillary tuft of the glomerulus Soriano, 1994; Leveen et al., 1994 FGF-7 Reduced number of nephrons Qiao et al., 1999 AP-2 Apoptosis in collecting duct and distal tubular epithelia Moser et al., 1997 Bcl-2 Defects in branching of ureter Veis et al., 1993 BF-2 Failures in formation of duct system and nephrons Hatini et al., 1996 born errors are expected to contribute to our understanding of the mechanisms of kidney development.
Summary and future aspects
Recent years have been very fruitful for progress in the classic developmental model system of kidney development. The introduction of knockout technology has led to the identi®cation of several mouse mutant lines with a kidney failure (Table 1 ) and analysis of these experiments has indicated that inductive tissue interactions begin earlier than previously thought. They also provide evidence that organogenesis proceeds as a consequence of the sequentially activated genes and that both secreted and contact mediated signals are involved (Fig. 3) . Furthermore, these experiments also start to reveal the genetic programs for kidney morphogenesis.
Genes from different categories are involved in the process and some of them operate sequentially during organogenesis and function prior to kidney development (for example Lim-1 and Pax-2). Due to the length of the A-P structure of the urogenital ridge, it is expected that the clustered Hox genes play a role in speci®cation and segmentation of the ridge, but we still lack direct evidence for this. Several genes seem to operate at the initiation of kidney organogenesis. These include WT-1, Eya-1, GDNF, c-ret, Emx-2, integrin a 8 and enzymes processing proteoglycans. To reveal possible epistatic relationships, the expression of these genes should be analyzed in cross in these mutants. Some information is already available based on which WT-I may operate prior to amphiregulin, GDNF/c-ret and integrin a 8 and in this way play a role mainly in the early kidney mesenchyme. Due to the reciprocal nature of the morphogenetic tissue interactions, loss of function of a gene that primarily operates, for example, in the mesenchyme will eventually also have secondary changes in the epithelium. Because of this, conclusions from a conventional knockout should be substantiated with careful causal studies on marker gene expressions.
Emx-2 and proteoglycan processing enzymes, like the HS2-sulfotransferase, are clearly functional in the early ureter bud during its ingrowth into the metanephric blastema. The next group of genes, Bmp-7, Wnt-4 and BF-2, operate in the kidney mesenchyme when the ureter starts to branch. BF-2, RARa , RARb2 and possibly FGF-7 are required in the stromal zone or in the renal stroma. They may regulate signalling that contributes to the nephrogenic zone in the control of nephrogenesis. There is also conclusive evidence that Wnt-4 expression in the kidney mesenchyme functions as a tubule inducer. As is the case with FGF-2 Bmp-7 may cooperate with Wnt-4 to regulate the speci®cation of tubular structures.
Based on the existing data we have assembled a hypothe- tical scheme about the involvement of some of the molecules in early kidney development (Fig. 4) . Induced ingrowth of the ureteric bud involves Pax-2, Eya-1, Lim-1 and WT-I, and is regulated by mesenchymal GDNF that signals to the ureter with c-ret/GDNFas. WT-I may contribute by regulating expression of the EGF family member, amphiregulin, in the mesenchyme, whereas Eya-1 may control expression of GDNF. As a response to these early molecular events, reciprocal inductive signalling is initiated from the ureter and this triggers the condensation of metanephric mesenchyme. This involves PGs that may modulate the action of inductive signals like Wnts and FGFs but this remains to be shown. The ureter-derived inducer triggers the Wnt pathway in mesenchymal cells and leads to stimulated expression of adhesion molecules such as integrins (Novak et al., 1998) and cadherins (Cho et al., 1998) . These contribute to induced adhesion associated with the assembly of pretubular cells. Basement membrane (BM) and matrix are likely to be remodelled during inductive signalling from ureter to mesenchyme, which apparently involves proteolytic enzymes such as matrix metalloproteases (MMPs).
Removal of the BM may contribute to the establishment of direct cell±cell contacts between the ureter bud and kidney mesenchyme, mediated in part by integrin a8 and maybe c-ret. MMPs may also contribute to the processing of inductive signals such as growth factors to release them from matrix and PGs like syndecan-1 or glypicans. Modulation of the concentration of growth factors may be associated with initial steps that specify the nephrogenic zone and the stromal zone. The stromal zone expresses currently unidenti®ed stromal signals that will also contribute to nephrogenesis but FGF-7 is a candidate later signal. It is expected that thresholds of inducers contribute to local stimulation of cell proliferation in the nephrogenic zone. This step is essential and precedes the assembly of pretubular cell aggregates important for nephrogenesis (see Saxe Ân, 1987; Vainio et al., 1992) . Integrins and their ECM components also play a role in epithelial polarization. In order to reveal the details of kidney development a set of new techniques should be developed. These are essential to assay possible later functions of genes so far given a kidney phenotype in a conventional knockout. However, Fig. 4 . Schematic drawing of a kidney at 11.0 d.p.c. at stages when the ®rst tubules are starting to be induced in vivo, showing some of the genes involved. Arrows highlight the reciprocal nature of morphogenetic tissue interactions that occur between the epithelial ureter tip and mesenchymal tissues. The mesenchyme expresses GDNF, which regulates ureter behaviour via its receptor c-ret (data not shown). Upon this induction epithelial cells respond by secreting an inductive signal. Emx-2 may regulate expression of genes that mediate epithelial induction. The candidates for such signals are FGFs, Wnts and BMPs but remain elusive. The function of these signals depends on enzymes that modify proteoglycans (HS2ST). These signals will specify the kidney mesenchyme into the nephric zone and the stromal zone. Integrin a8 and its ligand in the ureter bud may mediate direct cell±cell contacts between cells of the ureter bud and the kidney mesenchyme and allow simultaneous transmission of an inductive signal (data not shown). As one response to this, the Wnt pathway is stimulated in mesenchymal cells adjacent to the ureter. Autoregulated Wnt-4 leads to enhanced expression of Wnt-4 and possibly other signals such as BMP-7. A threshold for stimulated cell proliferation is achieved and some cells adhere to form pretubular cell aggregates that contribute to the differentiation of nephrons. Proteases such as metalloproteases (MMP) are involved in remodelling of the basement membrane, including laminin, and lead to degradation of matrix from the pretubular zone that will generate the nephrons. A gradient of inductive signals secreted by the ureter bud and responding metanephric mesenchyme may be involved in subdividing the metanephric blastema initially into nephric and stromal zones. Lim-1 and Pax-2 are some transcription factors important for the process.
based on the fact that the process of induced nephrogenesis is repeated several times during kidney organogenesis and the same set of genes are apparently reused each time, we may expect that the data obtained from the current set of mutants in fact give us clues about the later functions as well.
We still do not understand if the metanephric blastema is homogenic or already speci®ed to different stem cells, and this should be explored. The dynamics of renewal of possible stem cells during ureter branching remain to be shown. How different cell lineages are speci®ed and how tubules become segmented also calls for closer studies. Luckily, we are now equipped with several players but there is also room for more. How these molecular coordinates function in concert within the genetic programs for building a kidney as a result of morphoregulation instead of, for example, a lung, is a question that remains to be answered.
